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Abstract: This article focuses on the scalar control of four induction machine structures: the conventional induction machine, the double-star
machine, the open-ended stator winding machine and the dual open-end stator winding machine. To compare these different structures
under the same conditions, we used a single induction machine prototype to design these four machine structures. In addition, we also
developed a single scalar control algorithm to control these four machines, which is implemented in a field-programmable gate array
board FPGA. The experimental results showed the efficiency of the operation of this prototype as well as that of the algorithm developed
for the four machines. The experimental results also presented the significant advantage of open-end stator winding structures over star
winding structures. The increase in three-phase windings allows for better power segmentation, which is better when the three-phase
stator windings are open-ended.

Keywords: induction machine < double star machine ¢ open-end stator winding machine e dual three-phase open-end stator windings
machine * power segmentation

1. Introduction

Induction machines that are associated with converters are constantly found in applications in the industry (Jahns,
1980; Nelson and Krause, 1974). The feeding of these machines for the great powers became possible thanks to
the evolution of semiconductor components, but with relatively low switching frequencies.

To remedy this problem, research laboratories have been continuously trying to find solutions at the level of the
converter or machine by trying to segment the power.

This power segmentation is obtained by use of the following:

- Anumber of phases superior than three, where each phase is fed by its own single-phase inverter (Figure 1a)
or by a multi-leg inverter having a number of arms equal to the number of phases (Figure 1b); this is the
multi-phase induction machine (Abbas et al., 1984; Singh et al., 2003).

- Amultiple number of three phases connected in star which is the multi-star machine. One of such machines
is the double star induction machine ‘DSIM’, as shown in Figure 2. The first machine of synchronous type
was designed essentially for current power supplies with a shift of 30° between the two stars to improve
the quality of the torque (Alger, 1928). It was the subject of several studies for voltage supply and for
different shifts between the two three-phase stator windings 0°, 30° and 60°, although for the latter shift
it was shown that with a good choice of control, an equivalent machine is obtained than with a shift 0°.
The double star machines also have the possibility to operate in active or passive redundancy and allow
consequently to improve the reliability of the drive systems (Guizani and Ben Ammar, 2008; Jacek, 2018;
Xueqing et al., 2018).
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Figure 1. Multi-phase induction machine.
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Figure 2. Double star induction machine supplied by two voltage source inverters.
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Figure 3. Open-end stator winding IM supplied by two voltage source inverters.

Other machine structures are the open-end stator windings induction machine structures which offer power
segmentation and the possibility to operate in degraded mode. These machines include as follows:

Three-phase open-end stator winding induction machine ‘OEWIM’ as shown in Figure 3 (Chatterjee and
Kastha, 2024; Kalaiselvi and Srinivas, 2015; Monteiro et al., 2022; Sandulescu et al., 2013; Somasekhar
et al., 2004; Yu et al., 2025; Zerdani et al., 2023).

The induction machine having a number of phases superior to three open-end stator windings. Then, it is
the multiphase open-end stator windings machine (Bodo et al., 2013; Jiang et al., 2023; Levi et al., 2012).
Each phase can be fed by two single-phase inverters (Figure 4a), or by two multi-leg inverters (Figure 4b).
The induction machine having two open three-phase stator windings. Each winding is powered by two
inverters, as shown in Figure 5. Although this structure is very recent in research, it combines the advantages
of the double-star machine and those of the open stator winding machine. It offers good dynamic performance
(Guizani and Ben Ammar, 2018; Nayli et al., 2017). It allows for better power segmentation and increases
the degrees of freedom of the drive system in degraded mode. Indeed, a failure in one of the inverters does
not stop the system from operating (Guizani and Ben Ammar, 2013). Furthermore, it offers the possibility of
operating with passive or active redundancy (Guizani and Ben Ammar, 2015).
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Figure 5. Dual open-end windings induction machine

This paper deals with induction machines with star windings and three-phase open-end stator windings.

The prototype of an induction machine with a power of 1.5 kW with different stator winding structures is realised,
including the conventional induction machine, double star induction machine, open-end winding induction machine
and dual open-end winding induction machine. Each machine is fed by voltage source inverters based on V/f law
when the control scalar (V/f) is implemented on FPGA board for control inverter. Then, the obtained experimental
results of voltages and stator current for different machine structures are presented with interpretation of different
results that present the advantages of induction machines with open-end stator winding.

2. Digitisation of the Command for Different Machine Structures

To show the scalar control, it is essential to vary the speed of the machine such that the ratio of the voltage and
stator frequency is always constant.

To obtain this control in a transitional regime, generation of the three voltages references must be variable in
amplitude and frequency during the acceleration phase.
To view the command signals of the inverters, the triangular signals are compared with three reference signals.
Then the dead time is created in order to avoid any short circuit between the different switches. Figure 6 represents
the diagram of the scalar control for the different blocks necessary to obtain the control signals for each inverter to
supply the different machines.
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Figure 6. Diagram of the scalar control for the four machine structures.
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The single scalar control algorithm is validated in MATLAB Simulink environment using a Xilinx System
Generator, as represented in Figure 7. This control is used for implementation in an evaluation board Nexys 2 based
on FPGA of the family SPARTAN 3E.
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Figure 7. Scalar control using the Xilinx System Generator for the command of the four machines.
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The operating procedure for the different machines is the same: it consists of a start cycle between t=0 s and
t=0.6 s. We used the ramp for the reference signal, as shown in Figure 8.

The experimental results of the different command signals with the dead times 3pus at the output of the FPGA for
the same carrier frequency 3,258 Hz for controlled different induction machine structures are indicated in Figure 9.
Figure 9a shows the command signal T,,, of arm 1 of inverter A1 (the same as inverter B1) and the complement T’
obtained and dead time equal to 3 us as shown in Figure 9b.

The obtained experimental results of the command signals of switches T,,, and complement T',,, for inverter A2
(the same as inverter B2) is shown in Figure 10.
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Figure 9. Command signals for inverter A1 with dead-times.
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Figure 10. Command signals for inverter A2 with dead-times.
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Figure 11. Command signals for switches T,,, and Tg,,

Figure 11a shows the command signals of switches T,,, and T, for inverters A1 and B1 to supply the ‘DSIM’

and ‘DOEWIM’ by 0°. Figure 11b shows the command signals of the inverters (A1, B1) for ‘DSIM’ and ‘DOEWIM’
shifted by 30°.

3. Experimental Results for Different Machine Structures

To compare the performances between the four induction machine structures, only one prototype of a power
induction machine P = 1.5 kW has been carried out; this prototype allows to have the four stator winding structures,
as shown in Figure 12. The single algorithm scalar control controlled the inverters of type Semikron for supply to the
different machine structures, whose controller is embedded into the Xilinx Spartan-3E FPGA board.
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Figure 12. Experimental prototype for different stator winding structures of induction machine.

3.1. Experimental results for conventional induction machine
The machine is fed by a three-phase 2-level inverter with DC-link (E), whose inverter is dimensioned to a power P

of the machine, as shown in Figure 13.
Figure 14 shows the evolution of voltage between phase of inverter A and stator current of phase in the starting

time during 0.5 s of the induction machine.
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Figure 13. Induction machine supplied by voltage source inverter.
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Figure 15. Enlarging effect of voltage and stator current in permanent mode of the conventional IM.

Thereafter, the operation is in permanent mode. Figure 15 shows an enlarging effect of voltage between phases
and stator current during the steady-state operation.

3.2. Experimental results for double star induction machine
The double star asynchronous machine is fed by voltage source inverter based on V/f law to each star with DC-link
(E). This structure is represented in Figure 16. Each inverter is dimensioned to a half-power of the machine.
Figure 17 shows the obtained experimental results of the starting time during 0.5 s and of the operation in
permanent mode when the two three-phase stator windings is shifted by 0°. The two stator currents are shown in
Figure 17a and the voltage between phases and stator current of star A is shown in Figure 17b. The enlarging effect
of the operation in permanent mode showing the voltage between phases and stator current for the star A is shown
in Figure 17c and the voltage between phases and stator current for the star B is shown in Figure 17d. These results
present the reduction of the current source to give half-power of each inverter compared with the classic induction
machine.
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Figure 17. Experimental results of the DSIM shifted by 0°.
In addition, the results of double star induction machine shifted by 30° in permanent mode such as the voltage
of each inverter (A and B) and stator current of each star are as shown in Figure 18. These results present the

improvement in the quality stator compared with the double star induction machine shifted by 0° and the classic
induction machine.
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Figure 18. Experimental results of the double star winding IM shifted by 30°: (a) Voltage of inverters A and B; (b) Voltage of inverters A and stator
current in star A and voltage of inverters B and stator current in star B.

3.3. Experimental results for open-end stator winding induction machine
The structure of the feeding open-end stator winding induction machine supplied by two voltage source inverters
with half DC-link (E/2), as shown in Figure 19. Each inverter is dimensioned to a half-power (P/2) of the machine.
Figure 20a shows the starting time during 0.5 s, thereafter the operation is in permanent mode. The enlarging
effect of the operation in permanent mode showing the voltage between phases of inverter A1 and stator current is
shown in Figure 20b; the voltage between phases of inverter A2 and stator current is shown in Figure 20c. These
results present the reduction in voltage source, which is half DC-link to give half-power of each inverter. Also, the
quality of stator current is improved compared with classic induction machine.
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Figure 19. Open-end stator winding IM supplied by voltage source inverters.
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Figure 20. Experimental results of the open-end stator winding IM.

3.4. Experimental results for dual open-end stator windings induction machine
The feeding of the dual open-end stator winding asynchronous machine ‘DOEWIM’ fed by voltage source inverter
with half DC-link to each input based on V/f law as represented in Figure 21. Each inverter is dimensioned to a

quarter power of the machine.
Figure 22 shows the scalar control of the ‘DOEWIM’ with two stator currents in windings A and B. Thereafter the
voltage between phases of machine and stator current in entry A1 is as presented in Figure 23.
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Figure 21. Supply of the ' DOEWIM’ by voltage source inverters.
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The obtained experimental results of the operation in permanent mode are shown by the voltages between
phases of the entries A1 and A2 in Figure 24a; the same results as the entries B1 and B2 are shown in Figure 24b.
The voltage between phases and stator current of the entry A1 is shown in Figure 24c; the same results of entry
A2 are shown in Figure 24d. These results present the advantage compared with the classic induction machine at
the level of the current and source voltage inverter, which is half-current and half DC-link to give a quarter power
of each inverter.

Thereafter, this machine structure improves the quality of the stator current.
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Figure 22. Stator current of windings A and B.
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Figure 23. Voltage and stator current in entry A1,
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Figure 24. Experimental results of the operation mode of the ‘DOEWIM'.

4. Interpretation of Different Results

To view the performance of the induction machine with different stator winding structures, we used a single prototype
of an induction machine to carry out the four machine structures controlled with scalar control of the same frequency
and same dead-time. Experimental results show the importance of open-end stator winding induction machines;
indeed, these machines compared with induction machines with one or two three-phase windings in star allow
better power segmentation and offer more liberty degrees in a degraded mode. In addition, they offer a better quality
of the stator current. Figure 25 shows the stator currents for the four machines and we can see the improvement in
the quality of the stator current, especially for the dual open-end stator windings machine. Moreover, the open-end
winding machine compared with the double star machine presents a better quality of stator current.

(a) (b)

B I e 17 - Ty R | L T T R
©) (d)

Figure 25. Experimental results of the stator current and voltage for the four machines: (a) classic IM, (b) double star IM, (c) open-end winding IM
and (d) dual open-end winding IM.
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5. Conclusion

The prototype of an induction machine with a nominal
power P = 1.5 kW is designed to carry four machine
structures which are the classical induction machine,
the double star induction machine, the open-end
stator winding induction machine and the dual three-
phase open-end stator windings induction machine.
Thereafter, these machines have been controlled by
a scalar control with the same frequency and dead-
time, for which the scalar is implemented on an FPGA
board. The experimental results of the prototype of
induction machine have shown significant advantages
of the open-end winding machine structures. Indeed,
the supply voltage for the ‘OEWIM’ is reduced by half
compared with the conventional machine with the
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